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Abstract Measurement of metabolic rates (made at 10°C)
of individuals of the springtail Cryptopygus antarcticus tra-
vei from six geographically distinct populations on sub-
Antarctic Marion Island were combined with mitochondrial
DNA (COI) haplotype analysis to examine in parallel both
physiological and genetic variation of distinct populations.
We found evidence of genetic diVerentiation among popu-
lations and a general indication of long-term isolation with
limited gene Xow. While we found support for an overall
pattern of metabolic rate structure among populations from
diVerent geographic locations on the island (mean
rate = 0.0009–0.0029 l O2 g
¡1 h¡1 for populations of a
mean individual mass of 8–26 g), we were unable to
demonstrate a coherent common pattern between this and
genetic variation. However, spatial structure in metabolic
rate variation was strongly related to the extent of variabil-
ity in microclimate among sites, and also showed some
indication of a phylogeographic signal. Thus, over the rela-
tively short timescale of Marion Island’s history
(<1 million years), the periodic geographic barriers that
have driven population diVerentiation from a molecular
perspective may also have resulted in some physiological
diVerentiation of populations.
Keywords Antarctica · Metabolic rate · Genetics · 
Microclimate · Springtail · Variability
Introduction
Spatial variation in the environment is known to aVect spe-
cies in various ways, and subsequently to elicit a variety of
responses. In particular, diVerences in energy assimilation
and expenditure are important in shaping population struc-
ture and dynamics (e.g. Convey 1998; Koziowski et al.
2004; Lardies et al. 2004). In polar environments, physio-
logical processes that inXuence energy assimilation and
use, and their variation in response to environmental condi-
tions, are likely to have a signiWcant inXuence on the evolu-
tion of life history strategies (Convey 1996a; Clarke 1998;
Chown and Convey 2007), especially since diversity is low
and extreme conditions are either common or unpredictable
(Peck et al. 2006). Indeed, adaptive strategies of Antarctic
terrestrial taxa are largely dominated by responses of indi-
viduals to their immediate environment, and include char-
acteristics which maximise activity, growth, development
and survival (Convey 1996a, b; Sinclair et al. 2003). Under
such circumstances, physiological variation among individuals
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signiWcant.
Such diVerences have received limited attention in an
ecological context in the region (e.g. Davey and Rothery
1996; Convey 1998; Klok and Chown 2003, 2005). Investi-
gation of intraspeciWc variation in metabolic energy supply
in particular would prove beneWcial in this context because
metabolic rate (generally measured indirectly as VO2) is
essentially a measure of the energetic cost of living, its
function being to provide the ATP that fuels all processes
within the organism (Clarke 1993, 1998). Thus, metabolic
eYciency likely has a signiWcant inXuence on organism
Wtness (Koziowski et al. 2004; Lardies et al. 2004; Lardies
and Bozinovic 2008).
Several studies from the polar regions have shown that
metabolic rates diVer between populations or species from
habitats diVering in latitude, altitude and (correspondingly)
temperature (e.g. Block and Young 1978; Strømme et al.
1986; Sømme et al. 1989; Chown 1997). In some cases,
such diVerences have been attributed to metabolic cold
adaptation (MCA), a phenomenon, where at the same trial
temperature, species from colder locations have elevated
metabolism compared with those from warm locations (see
Block 1990). However, diVerential Wtness among popula-
tions may also be driven by processes operating at the
molecular scale. Several studies have demonstrated a
genetic contribution to variation in individual energy bud-
gets, and heterozygosity is often spatially or temporally
correlated with variation in environmental factors and
whole-animal physiological processes (e.g. Mitton et al.
1986; Teska et al. 1990; Pujolar et al. 2005). Individuals
with greater heterozygosity have also been shown to have a
greater aerobic scope for activity (Mitton et al. 1986). Thus,
a variety of factors may inXuence contemporary patterns of
population metabolic rate structure.
Recently, evidence of regionalisation and molecular
divergence within terrestrial arthropod species has been
identiWed across sub-Antarctic Marion Island (Mortimer
and Jansen van Vuuren 2006; Myburgh et al. 2007). Such
patterns are generally true for springtails in polar regions
due in part to the perceived constraints on long-distance
dispersal opportunities (e.g. Hawes et al. 2008a; McGaugh-
ran et al. 2009). Evidence is accumulating that substantial
spatial diVerences in microclimate across the island are
associated with elevational/soil depth change and spatial
position at both the island-wide and local scales (Boel-
houwers et al. 2003; Hugo et al. 2004; McGeoch et al.
2008; Nyakatya and McGeoch 2008). The acclimatization
conditions resulting from local geographic variation in cli-
matic regimes across Marion Island therefore provide a nat-
ural framework allowing investigation of evolutionary
physiological responses to climate variation. Of particular
interest here are diVerences related to current environmen-
tal factors and those resulting from large-scale variation in
environmental conditions over longer timescales (e.g. as
caused by volcanism, glaciation).
In this study, we focus on the springtail Cryptopygus
antarcticus travei Déharveng, 1981 (Collembola, Isotomi-
dae) to examine the extent of spatial metabolic rate varia-
tion in a sub-Antarctic ectotherm. This subspecies of the
widely distributed nominate species C. antarcticus is
endemic to Marion Island, a geologically young (<1 Ma;
McDougall et al. 2001) island subjected over its short his-
tory to subdivision by major cycles of glaciation and peri-
ods of substantial volcanic activity (see Myburgh et al.
2007 and references therein). This has resulted in genetic
diVerentiation of populations of indigenous terrestrial
arthropods, including C. a. travei (Mortimer and Jansen
van Vuuren 2006; Myburgh et al. 2007), which appears to
have been an early coloniser in the island’s history (Stevens
et al. 2006).
SpeciWcally, we investigated whether the long-term per-
sistence of C. a. travei on Marion Island, as well as allow-
ing clear genetic diVerentiation of geographically discrete
populations (see Myburgh et al. 2007), has also led to
diVerentiation of metabolic rates in response to diVerent
environmental regimes across the island. We did this by
adding signiWcantly to the molecular dataset currently
available for C. a. travei to further examine genetic charac-
teristics among the Marion Island populations. In conjunc-
tion with this work, we obtained complementary data on
metabolic rates (measured at constant temperature) for a
subset of individuals from six populations in order to exam-
ine metabolic rate structuring among populations. Using
this combined genetic and physiological dataset, we tested
whether spatial structure in metabolic rates was related to
genetic structure and systematic environmental variation.
Materials and methods
Location and sample collection
Marion Island (46°54S, 37°55E) and Prince Edward
Island form an isolated archipelago in the Indian Ocean
sector of the Southern Ocean (Fig. 1). The climate of the
archipelago is cool, wet and windy, with limited seasonal
temperature variation and high annual precipitation
(Chown and Froneman 2008). Thus, low and high tempera-
tures (in the context of local ranges of variability) can occur
at any stage of the year, and warm periods in winter and/or
cold periods in summer are common (Deere and Chown
2006). Given its oceanic location, the interplay between
stability and unpredictability in terms of temperature varia-
tion is likely to have been a feature throughout the history
of Marion Island (see Boelhouwers et al. 2008).123
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with mosses and the alga Prasiola crispa Menegh. Lightf.
Collections of adult animals (and subsequent analyses)
were made from six geographic regions [Trypot Beach
(TR), Cape Davis (CD), Katedraalkrans (KA), Swartkop
Point (SW), Kildalkey Bay (KD), and Mixed Pickle (MP)]
(Fig. 1; Online Resource 1) on Marion Island between 14
April and 5 May 2007. After collection, samples were kept
outside the laboratory for a minimum of 1 day and a maxi-
mum of 3 days in order to maintain near-natural Weld condi-
tions. Individuals were then moved to plastic vials
containing a moist Plaster-of-Paris base and moss shoots as
a food source (the moss habitat also includes epiphytic
algae, likely to be the primary diet of this species, cf.
Worland and Lukesova 2001), and stored at 10 § 0.5°C in
a Sanyo MIR incubator (Sanyo E&E Europe, Loughbor-
ough, UK) (12:12 L:D) for 24 h prior to metabolic rate
measurement.
Population metabolic rate structure
The method employed to measure rates of oxygen con-
sumption followed that of McGaughran et al. (2009). In
brief, a Wbre-optic oxygen sensing system (Ocean Optics
Inc., USA) was used to monitor oxygen partial pressure
(pO2) over time for individual animals in a closed respirom-
etry system calibrated (by the manufacturer) for multiple
temperatures and oxygen percentages. Before each rate
measurement was made, a single point calibration in air
(20.95 vol% oxygen) was completed as per the manufac-
turer’s instructions.
Following calibration, individual animals (n = 51) that
had been starved for 24 h were placed in a custom-made
40 l chamber (see McGaughran et al. 2009), into which
the oxygen probe was inserted. During a 3-h period, tem-
perature and pO2 in the chamber were recorded continu-
ously using oxygen sensing software (OOISensor ver. 1.05,
OceanOptics Inc., USA). Temperature during runs was held
at 10 § 0.1°C using a Sable Systems PTC-1 cabinet (Sable
Systems, Las Vegas, USA). This measurement temperature
was slightly higher than the average summer microhabitat
temperature later measured at Marion Island (see
“Results”). However, this temperature was selected primar-
ily for comparability to existing metabolic rate work on
springtails in continental Antarctica (e.g. McGaughran
et al. 2009). Partial pressure proWles were used to calculate
oxygen consumption rates on a per animal basis for each
individual using the observed drop in pO2 over a given time
period in conjunction with chamber volume and gas density
calculations using the ideal gas law. An estimate of individ-
ual animal mass was used to express corresponding oxygen
consumption rates on a mass-speciWc basis. Photographs of
individual springtails were measured using image analysis
software (Leica Application Suite, Leica Microsystems,
South Africa) and mass was estimated using the relation-
ship: W = 6.1894 L3.119 £ 10¡9 (after Block and Tilbrook
1975), where W is the mass (g), L is the length (m), as
modelled for C. antarcticus antarcticus on maritime Ant-
arctic Signy Island.
While measurements of activity were not possible, all
metabolic runs showed constant rates of oxygen percentage
decrease over time, therefore we consider that the measure-
Fig. 1 Map showing the 
geographic locations on Marion 
Island referred to in the text. 
Marion Island’s location in the 
Indian Ocean (inset)123
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metabolic rate. Given the small size of the animals in this
study, respiration rates were expected to be near the
resolution limit of the oxygen sensing system (see http://
www.oceanoptics.com). Hence, blank runs (n = 10) were
completed following the protocol above except without the
addition of an animal to the measurement chamber, and a
mean baseline was calculated and subtracted from each
metabolic rate measurement.
Population genetic structure
Following metabolic rate analysis, total DNA was extracted
from 51 individuals via a ‘salting-out’ procedure (Sunnucks
and Hales 1996). Upon extraction, a 710-bp fragment of the
mitochondrial cytochrome c oxidase subunit I (COI) gene
was ampliWed using the primers, cycling conditions, and
puriWcation methods described in McGaughran et al.
(2008), and sequenced on a capillary ABI3730 genetic ana-
lyser (Applied Biosystems Inc., Foster City, CA) at the
Allan Wilson Centre Genome Service, Massey University.
In addition to the 51 sequences obtained in this manner, a
further 62 sequences incorporating six extra populations
[Ship’s Cove (SC), Hendrik Vister Kop (HV), Long Ridge
(LR), Archway Bay (AB), Greyheaded Albatross Ridge
(GH), Stony Ridge (SR); Fig. 1] from Myburgh et al.
(2007) were used to estimate a haplotype network in the
programme TCS (ver. 1.21; Clement et al. 2000) using a
connection limit of 95%. An additional haplotype network
including only individuals for which metabolic rates were
obtained was also generated. Individual metabolic rates
were mapped onto this second network to examine the rela-
tionship between the partitioning of metabolic rate and
molecular genetic structure among populations of C. a. tra-
vei. In both networks, missing data in the alignment (which
can distort networks; Joly et al. 2007) were not included,
and loops were resolved using the criteria suggested by
Crandall and Templeton (1993).
The programme ARLEQUIN (ver. 2.000; Schneider
et al. 2000) was used to explore genetic characteristics of
the distinct populations. SpeciWcally, we obtained measures
of haplotype (h) and nucleotide () diversity indices (Nei
1987) separately for each population, and pairwise diVeren-
tiation (-st values) between populations using simple
p-distances.
Microclimate measurements
To determine whether the microclimate diVered among
locations, an iButton thermochron data logger (DS1921;
Maxim Integrated Products, Sunnyvale CA, USA) was
used to monitor environmental temperature (§0.5°C) at
each of Wve sites every 60 min for various periods in 2008.
These iButtons measure instantaneous temperature at the
point of contact between the environment and the thermom-
eter at their base, hence are capable of measuring microhab-
itat conditions. The iButton was placed just below the soil
surface for locations CD, MP, KA and SW and at 20 cm
below the soil surface for TR. Temperature data were pro-
cessed to obtain mean daily maximum, minimum, mean
and range for each population.
Statistical analyses
Statistical analyses were performed using Minitab (ver.
14; Minitab Inc., Pennsylvania, United States). ANOVA
was used to determine if live mass or metabolic rate
diVered signiWcantly among populations. A Spearman’s
rank correlation was used to test for any direct relation-
ship between metabolic rate and mean population mass.
The same analysis was also used to test for correlation
between metabolic rate and mean microclimate measures
for each population.
We investigated the relationships among metabolic
rate, genetic haplotype and geographic location using uni-
variate tests of signiWcance using a general linear model
(GLM). We used metabolic rate as the dependent variable
and tested for signiWcance using mass as covariate and
location as the categorical factor. This was then repeated
using haplotype as the categorical factor. Finally, a GLM
analysis was performed where location and haplotype
were crossed.
Results
Population metabolic rate structure
Blank measurement runs generated very low estimates of
equipment-generated ‘noise’, 0.0012 l O2 h
¡1 or 0.0001
l O2 g
¡1 h¡1 using the mean live mass of 17.7 g. This
was much lower than, and signiWcantly diVerent from rates
obtained during runs using individual live animals [mean of
all data = 0.0019 § 0.0002 l O2 g¡1 h¡1 (SEM) (n = 51)]
(t52 = 18.71; P < 0.001). Hence, the equipment resolution
was suYcient to allow measurement of true rates of metab-
olism for the size of animals in this study.
Live mass estimates diVered signiWcantly between the
six populations (F5,43 = 3.35, P = 0.012), with the TR
population showing the highest mean mass [26.1 § 4.6 g
(SEM)], followed by SW > KD > CD > KA > MP (Table 1).
Comparison of metabolic rates also revealed signiWcant
diVerences between these populations (F5,43 = 3.00,
P = 0.021). The SW population showed the highest mean
metabolic rate [0.0029 § 0.005 l O2 g¡1 h¡1 (SEM)],
followed by: MP > CD > KD > KA > TR (Fig. 2; Table 1).123
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be reXected in the metabolic rate measurements. This was
conWrmed by the GLM analyses, which revealed that meta-
bolic rates of the SW population were signiWcantly diVerent
from the other populations (F5,42 = 8.196; P < 0.001), with
mass non-signiWcant (F5,42 = 0.531; P = 0.470). The Spear-
man’s correlation analysis showed that the diVerences in
metabolic rates among populations were not correlated to
mass diVerences (r = ¡0.257; P = 0.623).
Population genetic structure
The network displayed in Fig. 3 shows relationships among
the 39 unique haplotypes (30 singletons), obtained from the
complete data-set (469 bp; GenBank Accession nos:
GQ848918:GQ848956) of 113 sequences of C. a. travei. A
single haplotype (H1, found in 53 individuals) dominates
the network, with the majority of specimens connected by
one to three steps to this haplotype. We putatively assign
potential “ancestral” status to this haplotype. A single path
in the lower half of the network connects a more “derived”
set of haplotypes that are separated from the core by a
greater number of mutational steps (Fig. 3). Overall, the
conWguration of this network conforms closely to that of
the 610 bp network presented in Myburgh et al. (2007).
Haplotype-sharing among C. a. travei populations was
common, with 39 haplotypes shared among 113 individuals
and six (or 15%) of the total haplotypes present in more
than one population/location. The most common haplotype
(H1) was present in all populations except SC (for which
N = 3), while the number of haplotypes present in each
population was relatively high (e.g. eight haplotypes were
present in both the KD and KA populations). Unique haplo-
types were present in all populations except MP (N = 4),
and, in particular, six unique haplotypes were present in the
KD population (Table 2). Of all populations, KA showed
the greatest number of relationships to other populations
with four of its eight haplotypes shared with other popula-
tions.
Table 1 Mean live mass (g) § SEM and metabolic rate
(l O2 g
¡1 h¡1) § SEM (with baseline subtracted) for the six geo-
graphic locations on Marion Island, from which Cryptopygus antarcti-
cus travei samples were collected and analysed
Location n Mean live 
mass (g)
Mean metabolic 
rate (l O2 g
¡1 h¡1)
Trypot Beach (TR) 14 26.1 (4.6) 0.0009 (0.0002)
Cape Davis (CD) 9 11.2 (1.8) 0.0021 (0.0003)
Katedraalkrans (KA) 9 11.1 (1.6) 0.0014 (0.0005)
Swartkop Point (SW) 11 22.6 (3.3) 0.0029 (0.0005)
Kildalkey Bay (KD) 4 14.4 (3.8) 0.0016 (0.0007)
Mixed Pickle (MP) 4 8.2 (2.6) 0.0024 (0.0011)
Fig. 2 Mean metabolic rate (§SEM) of Cryptopygus antarcticus tra-
vei from six populations (TR Trypot Beach, CD Cape Davis, KA Kat-
edraalkrans, SW Swartkop Point, KD Kildalkey Bay, MP Mixed
Pickle) across sub-Antarctic Marion Island
Fig. 3 Haplotype network showing the nucleotide substitution rela-
tionships among 39 haplotypes (113 individuals) of Cryptopygus ant-
arcticus travei from Marion Island. For each haplotype, the central
label is the haplotype code, the upper value in parentheses is the hap-
lotype frequency (when >1), and lower label is the population code
(see text and Online Resource 1). Each line represents one mutational
step, while open circle indicates an inferred or missing haplotype123
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tions where N < 4) ranged from 0.505 to 0.933 and was
highest (h = 0.933 § 0.122) in the AB population
(Table 2). Measures of nucleotide diversity () were high-
est in the GH population ( = 0.007 § 0.004). Several -st
values were large and signiWcant; a general indication of
long-term isolation and low gene Xow between locations
(Table 3). The similarity of KA to other populations (see
above) was indicated by comparatively low -st values
(ranging from 0.006 to 0.417 between KA and other popu-
lations; Table 3).
Metabolic rate and genetic structure
The relationship between patterns of metabolic rate and
genetic structure is illustrated in Fig. 4, which shows the
subset of individuals for which a metabolic rate and genetic
measurement was made. To produce this Wgure, metabolic rate
data were grouped arbitrarily into three roughly equal-sized
categories corresponding to ‘low’ (<0.0010 l O2 g
¡1 h¡1),
‘medium’ (0.0010 < x < 0.0020 l O2 g
¡1 h¡1), and ‘high’
(>0.0020 l O2 g
¡1 h¡1). This metabolic rate classiWcation
was then mapped (via shading) onto the (reduced) haplo-
type network to give a graphical representation of any rela-
tionship between mutation rate and metabolic rate.
While individuals with the central haplotype (H1) repre-
sent all populations and all metabolic rate ranks, several of
the haplotypes from individuals with high and medium
metabolic ranks were more “derived” genetically [i.e. they
are one or more mutational step(s) away from the central
haplotype]. Conversely, individuals with a low metabolic
rank have haplotype designations that include the central
Table 2 Population statistics and genetic characteristics of sampled locations for Cryptopygus antarcticus travei (n number of individuals, h hap-
lotype diversity,  nucleotide diversity; all statistics calculated in Arlequin ver. 2.000; Schneider et al. 2000)
Genetic population codes correspond to those used in Online Resource 1
Genetic 
population




h (SD)  (SD) Distribution of haplotypes 
within populations
TR 15 5 9 0.562 (0.143) 0.003 (0.002) H1, H2, H3, H4, H5
SW 20 5 3 0.505 (0.126) 0.001 (0.001) H1, H4, H6, H7, H8
KD 15 8 10 0.895 (0.053) 0.006 (0.004) H1, H9, H10, H11, H12, H13, H14, H15
SC 3 3 7 1.000 (0.272) 0.009 (0.008) H5, H16, H17
HV 9 5 8 0.861 (0.087) 0.006 (0.004) H1, H18, H19, H20, H21
KA 13 8 9 0.808 (0.113) 0.004 (0.002) H1, H4, H15, H16, H22, H23, H24, H25
LR 4 4 3 1.000 (0.177) 0.003 (0.003) H1, H26, H27, H28
AB 6 5 5 0.933 (0.122) 0.004 (0.003) H1, H29, H30, H31, H32
GH 7 5 7 0.905 (0.103) 0.007 (0.004) H1, H4, H15, H33, H34
MP 4 2 5 0.500 (0.265) 0.005 (0.004) H1, H19
CD 11 5 5 0.618 (0.164) 0.002 (0.002) H1, H4, H16, H35, H36
SR 6 4 4 0.800 (0.172) 0.003 (0.002) H1, H37, H38, H39
Table 3 Pairwise population -st values based on 469 bp of COI for 113 Cryptopygus antarcticus travei specimens
Numbers in italics denote comparisons for which P < 0.05; average pairwise diVerences within localities are indicated in the diagonal
Population TR SW KD SC HV KA LR AB GH MP CD SR
Trypot Beach (TR) 0.132
Swartkop Point (SW) 0.021 0.194
Kildalkey Bay (KD) 0.488 0.559 0.374
Ship’s Cove (SC) 0.472 0.635 0.100 0.330
Hendrik Vister Kop (HV) 0.050 0.111 0.278 0.144 0.103
Katedraalkrans (KA) 0.027 0.006 0.417 0.385 0.016 0.108
Long Ridge (LR) 0.026 0.153 0.473 0.397 0.071 0.017 0.128
Archway Bay (AB) 0.072 0.174 0.491 0.429 0.118 0.065 0.028 0.162
Greyheaded Albatross Ridge (GH) 0.206 0.304 0.065 0.013 0.012 0.116 0.193 0.233 0.154
Mixed Pickle (MP) 0.043 0.072 0.251 0.076 0.163 0.085 0.000 0.044 0.090 0.078
Cape Davis (CD) 0.035 0.009 0.497 0.512 0.070 0.034 0.046 0.082 0.226 0.004 0.140
Stony Ridge (SR) 0.017 0.090 0.495 0.465 0.100 0.019 0.006 0.040 0.233 0.030 0.025 0.138123
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types that are within 1–3 mutational steps from this haplo-
type. The only exception to this pattern involves two
haplotypes that represent individuals with ‘low’ metabolic
ranks (H5 and H14) in the lower part of the network. Thus,
our interpretation of Fig. 4 is that it provides weak support
for an overall similarity between population genetic and
metabolic rate structure among populations.
The GLM analyses did not provide statistical support for
this potential pattern; when haplotype was used as the cate-
gorical factor, both haplotype (F2,45 = 0.619; P = 0.543)
and mass (F2,45 = 1.942; P = 0.170) were non-signiWcant.
Additionally, the GLM analysis where location and
haplotype were crossed gave a non-signiWcant result
(F4,36 = 0.619; P = 0.652).
Microclimate measurements
The microclimate data showed that the CD, SW and MP
populations were all relatively similar in their temperature
mean, maxima, minima and range proWles. However, diVer-
ences between these populations and KA and TR were
apparent (Table 4). The high-altitude site (KA) had lower
temperatures than the other (low altitude) coastal sites and
had a lower range of temperature variability. The TR popu-
lation had the highest mean and minimum temperature of
all sites and also the lowest range. However, the TR data
were collected 20 cm below the soil surface and this proba-
bly accounts for the lower range of variability at this site.
The TR data are therefore of limited comparative value
with the other sites (Table 4).
Metabolic rate and microclimate
The Spearman’s rank correlation analysis showed a
strongly signiWcant relationship between mean metabolic
rate and temperature range (r = 0.972; P = 0.006). How-
ever, the Spearman’s correlations with mean and minimum
temperature were non-signiWcant [r = ¡0.107 (P = 0.865)
and r = ¡0.400 (P = 0.505), respectively].
Discussion
Local and regional environmental variability have been
found to underlie spatial variation of a range of (non-meta-
bolic) factors that are signiWcant in determining organism
life histories and wider-scale biological distributions. For
example, current patterns of biodiversity across the Antarc-
tic continent are thought to be a response to geographic var-
iation in environmental conditions over time (Peck et al.
Fig. 4 A haplotype network showing only those individuals for which
a metabolic rate is known. The shading indicates whether individuals
with that haplotype have low (<0.0010 l O2 g
¡1 h¡1; light grey),
medium (0.0010 < x < 0.0050 l O2 g
¡1 h¡1; darker grey) or high
(>0.0050 l O2 g
¡1 h¡1; black) metabolic rates. Labels within haplo-
types refer to population codes (see text and Online Resource 1) and
numbers in parentheses indicate haplotype frequency (when >1)
Table 4 Microclimate temperature parameters (°C), including mean,
maximum, minimum, and range for Wve geographic locations on Mar-
ion Island 2008 for various periods throughout 01 April to 14 May
2008
TR Trypot Beach, SW Swartkop Point, KA Katedraalkrans, MP Mixed
Pickle, CD Cape Davis
a NB: these data were collected at 20 cm below the soil surface; all
other data were collected from just beneath the soil surface
Location Period of data 
collection
Mean Maximum Minimum Range
TRa 06.04.08–18.04.08 6.9 7.7 6.3 1.4
SW 14.04.08–14.05.08 5.0 9.3 2.0 7.1
KA 01.04.08–15.04.08 2.0 3.2 1.1 2.0
MP 12.04.08–12.05.08 5.2 9.3 2.2 7.1
CD 12.04.08–12.05.08 5.0 8.0 2.3 5.8123
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(sub-Antarctic) populations of the mite Alaskozetes antarc-
ticus than in southern (maritime Antarctic) populations
(Convey 1998) and, in plants, the balance between sexual
or asexual modes of reproduction and dispersal changes
with progression into more extreme environmental condi-
tions (Convey 1996a, c; Adams et al. 2006).
Such spatial assortment corresponding to the landscape
may also be prevalent at Wne scales and indeed, the work
of Hawes et al. (2008b) showed the extent to which a few
centimetres of moss, let alone diVerent habitats on a rela-
tively large island, may lead to physiological variation. In
the current study, metabolic rates of C. a. travei were
found to vary signiWcantly among discrete populations on
Marion Island despite our relatively small sample size. In
particular, populations from the western side of the island
(SW, MP and CD) had higher mean metabolic rates than
populations located centrally (KA) or on the eastern side
of the island (KD and TR) (Fig. 4). A north/east–south/
west divide in population genetic structure, and the impor-
tance of central grey lava outcrops as refugia, have been
proposed for arthropod species on the island (Mortimer
and Jansen van Vuuren 2006; Myburgh et al. 2007), and
may also be inXuential factors in the current study. How-
ever, while metabolic rate variation among populations
was apparent, its expression was relatively inconsistent.
Our analyses indicated that neither genetic haplotype, nor
location were responsible for the patterns of metabolic rate
structure. However, two important external Wndings sug-
gest that closer examination of both microclimate and
genetic data may yield further information about any spa-
tial structuring among populations, especially for cases
with larger sample sizes. First, an east–west signal in tem-
perature mean and range has been detected across Marion
Island (Nyakatya and McGeoch 2008), and second, histor-
ical and population genetic evidence exists for a substan-
tial north/east–south/west geological divide (Mortimer and
Jansen van Vuuren 2006; Myburgh et al. 2007; Boelhouw-
ers et al. 2008).
Contemporary climate conditions have been described
along an altitudinal gradient for Marion Island, where the
mean annual temperature experienced by invertebrate fauna
was approximately 6°C in lowland areas of the island, and
3°C at 750 m a.s.l. (Chown et al. 1997). Investigating the
consequences of this temperature gradient for biota, Chown
et al. (1997) found that metabolic rates of weevil species
(Coleoptera) were generally greater in high-altitude popula-
tions, providing an example of MCA. A further study
focusing on thermotolerance variation in Marion Island
weevil species found signiWcant intraspeciWc thermotoler-
ance diVerences across a climatic gradient (Klok and
Chown 2003). The present study suggests that in addition
to such altitudinally-related variation, other forms of spatial
variation in physiological variables might also exist and
should be investigated.
In general, temperature clearly impacts all physiological
and biochemical processes, and thus plays a central role
within a large component of animal life histories (Nespolo
et al. 2003). However, as other environmental variables can
interact and/or covary with temperature, it is often diYcult
to separate the causal eVects of temperature alone (Addo-
Bediako et al. 2002). Nevertheless, mass-speciWc metabolic
rates obtained in the current study account for body size
[the primary determinant of resting metabolic rate in inter-
speciWc comparisons among invertebrates alongside tem-
perature (Gillooly et al. 2001; Makarieva et al. 2005)], and
individual mass, while diVerent among populations, did not
explain metabolic rate diVerences despite the known aVects
of body mass on metabolic rate (e.g. Block and Tilbrook
1975; Block and Young 1978). Thus, a strong contender for
a contemporary determinant of the patterns observed in this
study is likely to be ambient temperature variation across
microhabitats in the diVerent regions of Marion Island.
While the microclimate data obtained in the current
study contained only a small amount of overlap between
populations and was able to be drawn from just a single
replicate per site, it did provide an indication that the tem-
perature of springtail habitats diVers among locations on
Marion Island (see Table 4). In particular, KA was subject
to much lower temperatures and a lower range of variability
than the other locations, which is not surprising given its
high altitude (768 m a.s.l.). It is interesting that KA diVered
in temperature proWle from the other locations and also had
one of the lowest mean metabolic rates. It is possible that
for this site, low temperatures at high altitude place a
restriction on organism activity. Conversely, the SW, MP
and CD populations all had similar (high) temperature
mean and maxima, and a comparatively high degree of var-
iability (i.e. a high temperature range), and these popula-
tions had the highest metabolic rates in this study. The
Spearman’s correlation analysis found support for a strong
relationship between mean metabolic rate and microclimate
temperature range. Thus, the higher variability of these
coastal sites may have resulted in an enhanced ability of
these populations to take advantage of higher temperatures
when they occur. Further investigation of the potential role
of plasticity of organism response to habitat variability on
Marion Island would be useful in this regard.
In addition to the demonstrated importance of the mod-
ern microclimate, historical environmental factors are
likely to have played a role in directing population structure
(Avise 2000) on Marion Island. Clear genetic diVerentia-
tion of populations at Wne scales appears to be a feature of
Antarctic systems (e.g. Stevens et al. 2007; McGaughran
et al. 2008) that extends to the sub-Antarctic environment
(e.g. Mortimer and Jansen van Vuuren 2006; Myburgh123
Polar Biol (2010) 33:909–918 917et al. 2007). In particular, the combined eVects of periodic
volcanism on Marion Island and of Pleistocene glaciation
have driven a pattern of inter-population divergence for
several terrestrial arthropods (Mortimer and Jansen van
Vuuren 2006; Myburgh et al. 2007).
The data obtained in the current study provide further
support for the genetic substructuring of populations of C.
a. travei. Of the 12 populations studied, unique haplotypes
were present in 11 populations (all except MP, but the sam-
ple size for this population was low)—a pattern consistent
with divergence in isolation. Conversely, high haplotype
sharing among the 113 individuals, in addition to speciWc
genetic relationships shown at the population level (e.g. KA
shared four haplotypes with other populations; GH, TR and
CD each shared three haplotypes with other populations)
suggests the presence of a ‘global pool’ of genetic diver-
sity, from which extant populations are likely sourced. The
star-like structure of the network presented in Fig. 3 indi-
cates a population expansion in the recent genetic history of
C. a. travei (see Slatkin and Hudson 1991), and a high-alti-
tude refugial population (e.g. a nunatak) such as could have
been provided by KA, may have played a role in this.
The mean metabolic rate structure among populations
showed a pattern of: SW > MP > CD > KD > KA > TR.
Although TR and KA populations had the lowest mean
metabolic rates, individual members of these populations
also had ‘high’ and ‘medium’ metabolic rates. When exam-
ined in concert with the haplotype distribution, the KD pop-
ulation is very distinct from the other populations (with six
unique haplotypes), but still shares two haplotypes (H1 and
H15) with KA. The remaining populations for which meta-
bolic rate data exist also share haplotypes (e.g. H1 and H4)
with KA. Thus, it is possible that the KA population repre-
sents a refugial source population from which current popu-
lations have spread and become structured (both genetically
and physiologically).
The collective results of this study suggest that the con-
ditions that have driven molecular structuring of popula-
tions of C. a. travei may also have resulted in some degree
of diVerentiation in physiological parameters between pop-
ulations over time. In addition, diVerences between popula-
tions are likely to reXect (largely temperature) variation in
diVerent microhabitats across the island. We suggest that
response to both historical factors and contemporary envi-
ronmental variability have likely played a signiWcant role in
deWning physiological and genetic structure among popula-
tions of C. a. travei on Marion Island. Further development
of this hypothesis requires comparative studies on larger
datasets from Marion Island and beyond, to enable a greater
understanding of the roles contemporary and historical
environments play in shaping population parameters and
potentially determining plasticity of organism responses to
habitat variability.
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